Monoethanolamine (MEA) is the solvent most commonly considered for post-combustion capture. However, the solvent will accumulate a range of contaminants during use, notably heat stable salts, that reduce its performance. This work considers the removal of these contaminants from MEA solutions that had been exposed to over 50 and 1800 hours of post combustion capture of flue gases from a brown coal-fired power station. Analysis indicated that these MEA solutions contained significant quantities of heat stable salts including iron, potassium, sulphate, nitrate and organic anions, particularly in the older sample. Both solutions were initially neutralised to free the protonated amine, which led to precipitation of some impurities within the older solvent. Nanofiltration was considered as an approach to further concentrate impurities, but was ineffective due to low permeation rates and low rejection of monovalent salts, at less than 20%. It was effective in concentrating metal contaminants and may be useful into the future for this reason. Conversely, electrodialysis was effective in removing up to 91% of the ionic content of the solutions, although the current efficiency fell at low feed conductivities. Monovalent salts such as sodium, potassium and nitrate were removed more readily than multivalent salts such as iron and sulphate. MEA loss was consistent with our prior work at around 0.15 g/m 2 .s and was predominantly as the free amine rather than the carbamate salt.
INTRODUCTION
The use of monoethanolamine (MEA) to capture carbon dioxide is a common operation in natural gas sweetening and is considered as the baseline solvent for the large scale capture of this greenhouse gas from post combustion flue gas streams [1] . However, over time, the MEA accumulates impurities [2, 3] . Anionic impurities include heat stable salts such as formate, oxalate and acetate from reactions with residual oxygen [4] , sulphites, sulfates from reaction with SOx and nitrates and nitrites from reaction with NOx [5] . Chlorides can also accumulate from residual HCl in the flue gas stream [6] . These anions are generally associated with protonated amines (MEAH + ), but ammonium cations may also form and metal cations such as Fe, Cu and Ni can also accumulate through corrosion [7] . Oligomers and polymers can also form through thermal degradation [6] . These impurities impair operation by reducing the total MEA strength and also by increasing the solvent viscosity. Further, they lead to increased rates of equipment corrosion, which ultimately results in necessary replacement.
In natural gas sweetening operations, these impurities are often removed simply by routine solvent replacement. However, this approach is unlikely to be economic for large scale carbon capture. The addition of NaOH or a similar alkali can be used to release the protonated amine and recover this solvent component. This process is referred to as neutralisation, although the pH of the total solution actually deviates further from neutrality during this step (Equation 1):
Neutralisation may also result in some conversion of the carbamate anions to bicarbonate and carbonate species, as these are more stable at the elevated pH [8] . In turn, this may lead to precipitation of some salts [9] . The salts precipitated during neutralisation and other solid impurities can be removed by filtration. However, even with such neutralisation and filtration, the solvent inevitably builds in concentration of heat stable anions and undesirable metal cations, which can lead to increased corrosion rates. Further purification is required to remove these ionic impurities. Thermal reclamation is the most well known approach for solvent purification and involves evaporation of the amine solution, leaving behind a sludge containing the contaminants for disposal [10] . Alternatively, in ion exchange, the contaminated solvent is passed through a sequence of beds packed with ion exchange resin.
The charged impurities are adsorbed onto the resin material, releasing either H + or OH -ions in exchange. The bed is later regenerated through the passage of an acid or base, which releases the impurities into a wastewater stream and replaces the H + and OH -ions on the resins. A third option is electrodialysis(ED), which operates by passing an electrical current across a stack of alternating cation selective and anion selective membranes [11, 12] ( Figure   1 ). Charged impurities pass across the membranes in response to the electrical field, but their movement is restricted when they encounter a membrane of opposing selectivity. This causes these impurities to accumulate in every second channel, forming what is known as the concentrate stream. Conversely, charged impurities are depleted from the alternate channels, forming the diluate stream, which in the present case is purified MEA.
In our prior work, we have also considered nanofiltration (NF) to concentrate the salts within a contaminated solvent and thus reduce the scale and increase the efficiency of downstream electrodialysis. Nanofiltration is a pressure driven membrane process but one that also uses a charged membrane. In this case, the salts are concentrated in the retentate stream, as they are rejected from the membrane due to their charge. Clean neutral MEA permeates the membrane and can be returned to the main solvent process.
While the clean-up of these impurities will be an important component of any postcombustion capture process, there is little information on the efficacy of various approaches in practice. Sexton et al. [13] provide a comparison based on desktop simulation, but do not provide any experimental data on these operations. Both Volkov et al. [14] and our own prior work [15, 16] presents results based on synthetic solutions prepared in the laboratory.
However, data from experiments with amine solutions after exposure to real flue gases is very limited. Vitse et al. [17] show that electrodialysis combined with mechanical filtration can be effective in maintaining the concentration of heat stable salts below 0.5 wt% in a proprietary advanced amine solvent (Dow UCARSOL™ FGC 3000), but provide no process information on the operation of the ED unit. Bazehnov et al. [18] describe a two stage ED operation tested on an MEA solution that was capturing carbon dioxide from a bituminouscoal fired power station for up to 1000 hours of operation. In single stage operation, the total anion concentration was reduced from 2.3 g/L to 0.9 g/L within an hour, with all anions including nitrate, sulfate, formate, acetate and oxalate reducing substantially in concentration.
However, the concentration of heavy metal cations was not reduced.
In the present work, we test the viability of both nanofiltration and electrodialysis to clean up MEA solutions of around 25 wt% amine, that have been used for 50+ and 1800+ hours respectively in flue gas capture. The solutions were generated from the capture of carbon dioxide from the flue gases of the AGL Loy Yang coal-fired power station in the Latrobe Valley, Victoria by CSIRO Australia. The aim of the work is to validate whether these processes can be effective when applied to amine solutions that have been exposed to post combustion flue gases and to provide data for future workers on the process parameters that provide optimum performance.
EXPERIMENTAL

Materials
Aged MEA (MEA1800+ [19] and MEA50+) was sourced from the Post-combustion Carbon
Capture pilot plant owned and operated by the CSIRO at AGL Loy-Yang power station and described in detail by Artanto et al. [20, 21] . This power station uses Victorian brown coal and the concentrations of NOx and SOx in the flue gas are substantial (150 -250 ppm NOx (of which >98.5% is NO) and 120 -200 ppm SOx) [21] . However, SO 2 and some NOx (the part that is not NO) is washed off in a pre-treatment column fed with 32 wt.% NaOH to keep the pH between 8.5 and 9.2, so that the concentrations that reach the MEA absorber are 120-245ppm NO and <10 ppm SO 2 .
The MEA had been stored for some months prior to delivery and hence it is possible that some carbamate anions had been converted to bicarbonate species. It is well known that
carbamates will undergo such a reaction, but it is usually too slow to be relevant in active post-combustion capture operations [22] .
Solution Pretreatment
Both NF and ED processes operate best at low CO 2 loadings [9] , where the carbamate concentrations are minimized. While the CO 2 loading of the MEA 1800+ was reasonably low as received (0.12, see Table 1 ), the CO 2 loading of the MEA 50+ was 0.31, too high for effective ED or NF. Hence, this loading was reduced by simple boiling of the solution prior to use. In industrial practice, the solution for reclamation would be taken from the cool, lean solvent circuit, where the CO 2 loading should be less than 0.15. Thermal boiling of MEA50+ solvent was carried out in batches using a 2 L round bottom flask with a condenser. The flask was filled with 1.5 L solvent and heated to a temperature of 110 -120°C at atmospheric pressure. Cold water (single pass) was used in the condenser to reduce the loss of MEA through evaporation. Small samples (approx. 5 mL) were taken periodically to monitor the loss of MEA and CO 2 from the solution. The boiling was continued until the measured CO 2 loading was less than 0.15 mol CO 2 /mol MEA ( Table 1 ).
The boiled solution was then cooled to room temperature and combined with other batches prior to use. (Table 1 ).
Microfiltration and Nanofiltration
All microfiltration (MF) and nanofiltration (NF) tests were conducted using a Sepa CF crossflow filtration unit (Sterlitech Corporation, USA) with a membrane active surface area of 140 cm 2 as previously reported [16] . The thickness of the feed and permeate spacers used was 1.2 and 0.35 mm respectively. The feed solution was re-circulated through the cell at a flow rate of 1.5 L/min using a centrifugal pump. The transmembrane pressure was maintained with a back pressure controller located at the concentrate outlet. The permeate flowrate was continuously recorded by a mass balance (A&D Weighing, GF-400 series). The rejection (R) of charged salts was calculated by Equation 2.
Where c p is the permeate concentration and c F is the feed concentration. In this case, the permeate is the purified MEA.
A flat sheet 0.2 µm PTFE membrane with polypropylene non-woven support layer (Sterlitech Corporation, USA) was used for MF at a transmembrane pressure of 300 kPa. A Koch SelroMPF-34 membrane was used in all NF experiments with the transmembrane pressure varying from 1000 to 3000 kPa in a random order. New membranes were used in each experiment and each membrane was pre-treated by overnight soaking in purified water. The NF membranes were also compacted prior to use by 6 hours compression at 3000 kPa.
Electrodialysis
Electrodialysis was conducted on solutions that had been boiled, neutralised and undergone microfiltration, but not nanofiltration. This step used an FT-ED-40 module (FumaTechGmbH, Germany) with effective membrane area per cell 36 cm 2 as previously reported [15] . The potential difference was generated by a DC power supply (Delta 
Analytical Techniques
Solution conductivity was measured during experiments using a TPS WP-81 pH, temperature and conductivity meter (Thermo Fisher Scientific).
The concentration of MEA was determined by conductometric titration with HCl and then NaOH to quantify the amount of free and bound amine respectively [23] . The sum of free and bound amine was taken as the concentration of MEA in the solution. CO 2 loading was determined by titrating the MEA solutions with 2 M HCl solution using a Chittick CO 2
analyser [24] .
Solution viscosity was measured using a Canon Fenske viscometer and solution density was measured using a 25 mL density bottle.
The solids concentration within neutralised samples was determined by filtration and drying of these solids at 110 o C and -20 kPa and recording the mass. The proportion of inorganic matter was further determined by recording the mass after ashing at 600 o C.
The concentration of sulfate and nitrate within aqueous solutions was quantified using ion chromatography (IC) (Dionex ICS-1000, AS14 column) with a mixture of 2. 
RESULTS AND DISCUSSION
The solvents were clear brown solutions of relatively low viscosity upon delivery (see Table   1 ). As a comparison, the viscosity of a pure 25 wt% MEA solution is 2.12 mPa.s [25] . The metals of greatest significance within the solutions were calcium, iron, potassium and zinc ( Figure 2 ).
Neutralisation and Microfiltration
Neutralisation resulted in the precipitation of some solid material, which could be visually observed to settle at the bottom of the sample containers. These solids were gelatinous and dark brown in color. The solid concentration was quantified as 7.1 g/L for the MEA 1800+ sample after neutralisation, but less than 0.2 g/L for the MEA 50+ sample ( Table 2 ). The solids were dried at 110°C, ensuring the complete conversion of bicarbonate to carbonate prior to ashing at 600°C. ICP analysis of the solid collected from the MEA1800+ showed that 40% of this dry weight was sodium cations, arising from the addition of NaOH as a neutralising agent. A further 31% were volatile at 600 o C. These volatile solids are likely to be organic acids and organic cations such as MEA [9] . The remaining 28% solids are likely to be inorganic anions such as hydroxide and carbonate. These precipitates were then removed from the solvent by microfiltration. However, it was noted that a very small quantity of solids continued to precipitate from solution for some days after the neutralisation and microfiltration procedure. This may have been due to further reaction of the solutions with atmospheric carbon dioxide.
Nanofiltration
In our prior work [16] , with laboratory prepared solutions of 30 wt% MEA at zero CO 2 loading, we obtained a reasonable flux of purified MEA through an NF membrane, with the impurity salts retained (Figure 3) . However, the permeate flux for MEA50+ fell by a factor of up to 10 relative to these results; while the permeate flux for MEA1800+ solvent reduced by a factor of 60. For example, at 3000 kPa transmembrane pressure, the flux of a laboratory The gradient of the flux curve also falls. This fall in gradient can partially be explained by the increased viscosity of the solution, particularly for the MEA1800+ solution (Table 1) , as it is well known that solution viscosity is directly proportional to the membrane resistance. The flux was stable as a function of time, indicating that fouling is not the cause of the reduction in flux. It is possible that this further reduction arises from concentration polarisation, but this was not explicitly investigated.
The rejection of charged salts is also reduced under these conditions (Table 3) , relative to simple solutions of a single salt in pure MEA, where values of greater than 80% were recorded. This loss of performance again relates to the non-zero CO 2 loading and also the significant concentrations of both sodium cations added during the neutralisation step and organic anions. The total reduction in solution conductivity is less than 20%, which implies that the majority of monovalent salts, specifically sodium salts, are not strongly rejected.
However, it is noteworthy that the multivalent salts, specifically the heavy metals such as Fe, are more strongly rejected. NF also resulted in a significant change to the color of the permeate compared to the feed and retentate ( Figure 4 ). The lighter color in the permeate also probably reflects the retention of transition metals such as Fe, which often form highly colored co-ordination complexes. No such color change was detected during the MF step.
This means that nanofiltration may play a role in concentrating these multivalent salts into a retentate stream for further treatment or disposal. Removal of elements such as Fe is important, as these are strongly associated with corrosion [26] and can catalyse oxidative amine degradation [27] . This would require the use of a larger pore size NF membrane, to provide greater flux values, but such membranes are readily available and should be the focus of further work. The NF permeate would then be a solution of MEA containing only monovalent salts, which might be more readily treated by electrodialysis as discussed below.
Electrodialysis
As expected, electrodialysis showed a significant ion transport from the feed (diluate) to the The pH of all the working solutions was also monitored ( Figure 6 ). Even before the application of an electrical potential (-20 to 0 minutes), the pH of the concentrate and electrode solution increased. Within this initial period, the pH of both solutions had increased from 4 -8 initially to around 10. This finding reflects the high mobility of OH -and H + ions which means that they permeate the membranes readily without the need for a driving electrical potential. Once the voltage was applied, the concentrate pH continued to drift up slowly, with the diluate solution drifting down, reflecting continuing transfer of OH -ions from the diluate to the concentrate. The drift in concentrate pH is greater in the first 600 minutes for the MEA50+ experiment, which may indicate that some water splitting is also occurring, given the relatively low diluate solution conductivity (<13 mS/cm throughout).
Similarly, the upturn in concentrate pH with MEA1800+ after around 600 minutes may represent the onset of water splitting as the concentration of available ions in the diluate falls below 10 mS/cm .
These conclusions are supported by the calculation of the overall current efficiency for the experiments, based on the total cations transferred to the concentrate. This current efficiency is 92% for the MEA1800+ experiment, indicating that such water splitting is not significant throughout most of the experiment.. Conversely, the overall current efficiency for the MEA50+ experiment is calculated as only 70%, indicative of significant water splitting consuming the electrical charge due to the low diluate concentration.
These decreasing rates of transfer from the diluate to the concentrate as time progresses are evident from Figure 7 and Figure 8 , which show the concentrations of various elements in the concentrate versus time. For sodium, nickel, iron, silicon and nitrate the concentrations plateaued after ~500 h for MEA 50+. However the concentration of sulfate transferred from both MEA50+, and MEA1800+ had not plateaued even after 1000 minutes. The total transfer of multivalent metal ions (such as Ca, Fe, Mn, Zn) to the concentrate is low (Table 4) , relative to their feed concentrations (Figure 2 ). In particular, the total transfer of iron cations is only 46% for the MEA50+ experiment and 19% for the MEA1800+ experiment. This indicates that these larger [28] multivalent ions are transferred less readily than the dominant monovalent sodium and potassium cations.
The concentrations of sodium and potassium in the final concentrate (Table 4) are significantly higher than those of the other cations, reflecting their initially high concentrations within the neutralised feed (after NaOH addition equivalent to 20 and 27 g/L Na for MEA50+ and MEA1800+ respectively), concentrate (5 g/L KCl) and electrode (50 g/L K 2 SO 4 ) solutions. As expected from Figure 1 , there is transfer of potassium from the electrode solution to the concentrate and a similar transfer of sodium from the diluate to the electrode solution. While these flows are substantial in the two cell system used here, they would be much less significant within a larger system.
The sulphate and nitrate anion concentrations are also significant, indicating that they existed within the feed at high concentrations. Indeed, independent measurements from similar MEA solutions from the same pilot plant gave 1500-2400 ppm sulfate and 600-1500 ppm nitrate [29] . This is reasonably consistent with the data presented here and equates to a slip of SO 2 and NOx (other than NO) of less than 1 ppm each from the flue gas pretreatment process into the CO 2 absorber unit. The sulphate content measured by ion chromatography and reported in Table 4 (510 and 1970 ppm) is reasonably consistent with that calculated from sulfur analysis using ICP (610 and 1500 ppm) indicating that the main sulfur compound is indeed sulfate (SO 4 2-) and not sulfite (SO 3   - ). It is noteworthy that while the nitrate transfer in both experiments tends to plateau at longer time frames, the sulphate concentration continues to increase ( Figure 8 ). This suggests that the nitrate ion is more readily transferred and so reaches equilibrium earlier than the sulphate ion. This is consistent with the discussion of cation transfer -the smaller, monovalent nitrate ion (0.335 nm hydrated radius [28] ) moves faster than the larger multivalent sulphate ion (0.379 nm hydrated radius [28] ). In industrial practice, the ED process would probably not be operated as a batch process, as used in these laboratory experiments, but rather run as a continuous process, on a slip stream of lean solvent. In this case, it will be important to optimise the steady state concentration of heat stable salts that should be utilised. If this is too low, then the neutralised solution conductivity will also be low, as in the case of the present MEA50+ solution, leading to low current efficiencies and thus higher energy demand. Conversely, if the heat stable salt concentrations are too high, corrosion and foaming issues may occur within the main solvent absorption process. It will also be necessary to carefully manage the sodium ion concentration that is added during neutralisation, as this is a major contributor to the solution conductivity and thus to the energy requirements for electrodialysis.
Membrane stability
The NF and ED membranes were soaked in the aged MEA solvents for a period of 4.5 months. ATR-FTIR analysis indicated that the MPF-34 and Neosepta CEM membranes are stable over this period (data not shown). However, an unexplained change in the membrane composition of the Neosepta AEM is observed within the wavenumber range of 1800 to 1270 cm -1 ( Figure 10 ). This change was not observed when the same membrane was soaked for a similar period in a laboratory prepared 30 wt% MEA solution [15] . The membrane is understood to be manufactured with quaternary amine functionality [30] and it is possible that the membrane is forming a salt with carbonate ions present in the solution. A typical peak for carbonates occurs at 1388 cm -1 while that for bicarbonates is at 1298 and 1360 cm -1 [31] . The occurrence of the peaks in the range of 1079 to 869 cm -1 and the shoulder at 1645
to 1600 cm -1 are probably related to residual MEA solution within the membrane and on the membrane surface [31, 32] . The broadening of the peak in the range 3000-3500 cm -1 is indicative of water sorption.
Conclusions and Recommendations
This work has clearly shown the potential of electrodialysis as a mechanism to purify MEA solvents during carbon capture applications. Between 46 and 91% of the ionic content was removed from an industrial aged MEA solvent after neutralisation, using this approach.
However, the electrodialysis process as used here was more effective in removing the small monovalent ions such as sodium, potassium and nitrate. It was less efficient at removing larger multivalent ions such as iron and sulphate. Future work could focus on testing membranes that are more effective at removing these larger ions. There was also some evidence that the anion exchange membrane used was affected by exposure to the contaminated amine and other membranes should be evaluated for greater resilience.
The work presented here was conducted in a 'batch mode' leading to low current efficiencies when the diluate conductivity fell below 10 mS/cm. In a full scale capture operation, it is likely to be more practical and economically effective to run a continuous operation on a slipstream of cool, lean solvent. This would avoid the loss in current efficiency observed here when the batch process was continued to very low diluate concentrations.
Nanofiltration was also investigated but membrane permeation rates were very low, reflecting the high salt concentrations and non-zero CO 2 loadings. Further work might focus on the use of MEA solutions with lower CO 2 loadings and a membrane of larger pore size to facilitate greater flux. However, this approach had the advantage of concentrating larger multivalent ions such as iron into the retentate. It thus may play a role in concentrating such impurities for removal in some circumstances. The permeate, free of multivalent ions, could then be more effectively processed through an electrodialysis operation. 
